Conifers contain ascorbic acid which is probably a protective against oxidative attacks. In yellow needles of damaged conifers the ascorbic acid content is increased, this suggests an in duction by air pollutants and/or photooxidants of a protection mechanism in trees. To study this mechanism in more detail, a green cell suspension culture of spruce ( Picea abies) has been established. These cells contain chlorophyll and have a photosynthetic capacity, but they need carbohydrates (sucrose) for growth and are thus photoheterotrophic. Their ascorbic acid con tent and its regulation depends on carbohydrates, the cells resemble healthy green needles in this respect; they appear to be qualified for studies on the induction of a defense mechanism.
Introduction
During recent years in large forest areas in Ger many and other countries a rapidly increasing de cline of spruce and other conifers has been ob served [1] . As a visible symptom, the oldest needles become yellow and finally necrotic before abscis sion. In most cases, the light exposed needles show stronger symptoms than shaded needles. Several hypotheses have been put foreward to explain this forest dieback. Besides mineral deficiencies and ex treme climatic conditions, different pathogens [2] and gaseous air pollutants as S 0 2, ozone [3] and other peroxidants [4, 5] are discussed to be in volved in the spruce decline. These discussions still continue [6, 7] . To find out the factors causing this decline, a great number of investigations was start ed, and many biochemical parameters in the nee dles have been measured. Since it is generally as sumed that oxidative pollution plays a dominant role in the damaging process, interest was thus fo cussed on protection mechanisms against oxida tive attacks.
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Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0341-0382/90/0600-0614 $01.30/0 In yellow needles an elevated level of ascorbic acid (and of glutathion) was found and generally a decrease in the content of chlorophyll was ob served. This increase in ascorbic acid content was about two-fold compared to green needles of the same tree and was found to be widespread within different damaged areas [8] . The higher ascorbic acid level was interpreted as a defense mechanism induced against oxidative attacks. This assump tion is supported by the results of investigators who could demonstrate that the increase of the content of antioxidants in various conifers [9] and also herbaceous plants [10] occurs after fumigation with S 0 2 or ozone. It seems to be a contradiction, however, that in spruce needles with an elevated ascorbic acid content and hence well protected against oxidative stress, the chlorophyll content is decreased as a consequence of bleaching by photo oxidants.
Since S 0 2, ozone and, more recently, also H 20 2 [11, 12] are assumed to participate in lipid peroxi dation and pigment destruction [5, 13] , we have studied their effect on the content of ascorbic acid and chlorophyll. For this purpose we have estab lished a cell culture of spruce ( Picea abies) , since plant cell cultures are known to be a good tool to study plant defense mechanisms [14] , they are much easier to handle than plants and, last but not least, the cells are available at any time.
Materials and Methods

Cell culture
Picea abies seedlings were washed thoroughly with sterile Tween 80 solution (0.01%, 5 min), desinfected in 15% H 20 2 (1 min), rinsed twice with sterile distilled water (2 min) and immersed in 0.1 % HgCl2 for 2 min. The surface sterilized seeds germinated on humid tissue cloth (Kleenex) in the dark under sterile conditions after 14 days. These aseptically germinated cotyledons were main tained for three days in the light and then im mersed in 70% ethanol (5 sec), 30% H 20 2 (5 sec) and rinsed with sterile distilled water (15 sec). The sterile cotyledons were placed on Murashig and Skoog medium with 1% agar supplemented with 3% sucrose, the phytohormones benzylaminopurine (1 mg/1) and naphthylacetic acid (3 mg/1) (these amounts were found to be optimal), incubated at 27 °C and they were illuminated with Fluora flu orescent lamps (Osram L 40 W/77, 1000 lux). Aft er 4-6 weeks, the cotyledons become covered with a green-brown callus, containing also many white cells; this callus was subcultured every two weeks. A green callus culture with a chlorophyll content of 200-300 |ig/g fresh weight was obtained by the selection. However, these calli were not yet suited for the experiments designed, because their ascor bic acid and chlorophyll content varied from callus to callus to an intolerable extent.
For improvement of the homogeniety of these cells a cell suspension culture of spruce cells was established. Pieces of the above callus were trans ferred to a liquid culture medium of the same com position as used for the callus culture, but without the agar. The suspension cultures were grown at 27 °C in 1800 ml Fernbach flasks containing 300 ml of the medium and rotating at 60 rpm under continuous light as described above. After three days the growth medium was decanted and substituted by fresh growth medium, after addi tional four days 150 ml of the suspension culture was added to 150 ml fresh medium. Then again after three days the medium was decanted and fresh growth medium was added, after an addi tional four days again the suspension culture was divided and so on. Principally, the suspension cul ture was divided after seven days and the medium was changed during this growth period. This rath er laborious procedure was found to be obligatory for the continuous suspension culture of green spruce cells, otherwise the cells became brownish, probably due to production and secretion of phe nolic compounds (?) into the medium.
When necessary, in a final step homogenous cal lus probes were obtained by spreading suspension cells on a double layer of thick filter paper soaked with medium, and cultured in Petri dishes under light conditions as described above at 27 °C. After about seven days the filter paper strips are covered with newly grown cells, these cells were designated "secondary callus" and were used in most experi ments.
Assay o f C 0 2-fixation
In the standard assay 100-300 mg of cells (sec ondary callus) were placed in a styrene tube (vol 13 ml) on a filter strip (2 x 6 cm) moistened with 0.6 ml of culture medium. At the neck of the lying tube, two separate droplets of each, 20 |il N a H 14C 0 3 (5.78 nmol, 1 ^Ci) and 20 |il I n H 2S 0 4, were placed; additionally, a small magnetic stirrer was placed beside the droplets. The tube was then closed with a screwcap and the 14C 0 2 was released by mixing the droplets with the internal magnetic stirrer which was moved by an external magnetic stirrer. The final C 0 2-concentration was 1 % in the gaseous phase. The tubes with the cells were maintained at 25 °C under the illumination of 10,000 lux (halogen vapour lamp, Osram TL 40/25) for 30 min. Tubes serving as dark controls were covered with aluminium foil. After the fixa tion period, tubes were opened and C 0 2-fixation was terminated by the addition of 2 ml of a mix ture of ethanol and I n HC1 (4+1). The filter strips were removed and were washed with the ethanol-HCl mixture, the cells were then homo genized in this ethanol-HCl mixture by use of a Potter homogenizer. The homogenate was brought to a final volume of 5 ml by the addition of the ethanol-HCl mixture. A sample of 1 ml was mixed with scintillation cocktail (Rotiscint 22) and C 0 2-fixation was measured in a scintillation counter. In the fixation experiments with cotyle dons, four small green bunches (38-51 mg total) were used instead of secondary callus cells.
Incubation o f spruce cells with carbohydrates, S 0 2, ozone and vaporous H 20 2
When the effect of carbohydrates was studied, the culture medium of the secondary callus was sucked off by vacuum, the cells were washed with the desired medium containing carbohydrates and then placed in Petri dishes with the new medium and incubated.
In the experiments with S 0 2 and ozone expo sure, the strips with the secondary callus were placed in Petri dishes with caps slightly lifted (2-3 mm) to enable gas exchange. The treatment with S 0 2 (20 ppm) was carried out in small styrene boxes (27 °C, Fluora Osram 1000 lux) combined with a gas dosing system (Dimikur from Wösthoff, Bochum). The exposure to ozone (1 ppm) was car ried out in climate chambers containing air (con trol) or air plus ozone.
For the treatment with vaporous H 20 2, the strips with the secondary callus were placed in small open dishes (50 mm in diameter) and these were then put into larger dishes (90 mm in diame ter). The larger dishes contained 10 ml of H 20 2-solution of the appropriate H 20 2-concentration. The larger dishes were then closed and wrapped with parafilm so that the vaporous H 20 2 could reach the strips with the secondary callus, but the H 20 2-solution had no contact with the cells. The actual H 20 2 concentration which was effective to the cells, was determined in separate, closed dishes. H 20 2 solution as used in the cell experiments were incubated for 5, 20 and 70 h respectively. After this time periods, the H 20 2 concentration was meas ured in the condensate formed at the cover of the dishes. 20 jil of condensate was diluted with 1 ml H 20 and measured at 240 nm. Equilibrium be tween H 20 2 solution at the bottom and the con densed solution at the cover was reached after about 20 h. The effects of H 20 2 on the ascorbic acid and chlorophyll content as shown in 
Extraction and determination o f ascorbic acid and o f chlorophyll
For ascorbic acid determination cells were ho mogenized in 1.5% metaphosphoric acid (100 mg cells in 1 ml acid, at 0 °C) by use of a Potter ho mogenizes the homogenate was sonified (1 min) and centrifuged at 15,000 xg (5 min, 0 °C). The supernatant was used for ascorbic acid determina tion by HPLC analysis: an ion exchange HPLC column from Serva (DEAE Daltosil 100, 4 n, 46 x 250 mm) in combination with ammonium phosphate buffer (100 m M , pH 4.5) as the mobile phase (flow rate 1 ml/min) was used. Ascorbic acid was monitored at 272 nm and was referred to an authentic standard (Sigma München). For chloro phyll determinations the cells were extracted with 80% acetone and the chlorophyll content in this extract was measured according to Arnon [15] .
The results are referred to as g fresh weight. The cells (suspension cells were collected by filtration) were placed on Kleenex tissues, slightly pressed and after 2 min weighted (without the tissue). The values of fresh weight were well reproducible and the deviations were less than 10%. The cells were stored in liquid nitrogen.
Results
Cell growth, photosynthetic capacity, ascorbic acid content, effect o f carbohydrates
The establishment of callus cultures of conifers has been described [16, 17] , but the cultivation of spruce cells as a green cell suspension has not yet been reported. The difficulties to maintain such cell suspension cultures are probably due to latent infections of the calli which are used to initiate the suspension culture. In the procedure described here special attention has been paid therefore to the preparation of sterile cotyledons serving as source for the calli.
The green callus culture of spruce which was prepared from seedlings (see Materials and Meth ods) contains ascorbic acid, but the content varied from callus to callus and no reproducible results could be obtained for unknown reasons. Therefore we have established the suspension culture and from this the secondary callus was prepared.
The growth rates of cells in suspension and those of the secondary callus produced from the suspension culture are quite similar (Fig. 1) . Dur ing the logarithmic growth phase the fresh weight of the cultures doubled within seven days. The chlorophyll content of both, callus and suspension cells, is about 100-150 jig/fresh weight, which is similar to that of other cells grown in culture ( Chenopodium rubrum, 80 fig/g [18] , Cytisus sco-parius, 100 (ig/f fresh weight [19] ), but much lower than the chlorophyll content in healthy needles (1500 ng/g).
The cells (secondary callus) have a photosynthesizing capacity. Table I summarizes the results of the C 0 2-fixation experiments, and it is evident that the cells make photosynthesis. Remarkably, the photosynthetic rate measured as |imol/mg chlorophyll x h"1 is the same in cultured cells and intact plants, i.e. in cotyledons. In cotyledons, however, the chlorophyll content is much higher and, as a consequence of this, C 0 2-fIxation meas ured as [imol/g fresh weight x h 1 is about six times higher in cotyledons than in the cells. Further, the dark-light difference in the C 0 2-fixation rate is markedly higher in the cotyledons.
These C 0 2-fixation experiments clearly show that the chlorophyll in the secondary callus cells does not make the cells merely green but is part of a functional photosynthetic apparatus, like in the intact plant. Due to the low chlorophyll content in the cells compared to that in the cotyledons, how ever, their photosynthesizing capacity is low. This and the fact that the cells need sucrose for growth suggest that the cells have to be classified as photomixotroph or even photoheterotroph, they are not photoautotrophic cells.
The ascorbic acid content was higher in the sec ondary callus as in the cells from the suspension and varied between 50 and 250 fig/g fresh weight at the beginning of the growth phase of the cells (see day zero in Fig. 1-5 ). During growth a maxi mum of the ascorbic acid content was found in the secondary callus in most cases, the reason for this increase is unknown. The ascorbic acid content in the cells is lower than that in green needles, which is between 1.3 and 2.7 mg/g dry weight [8] , corredays of cultivation sponding to about 650-1350 jj.g/g fresh weight.
Since the secondary callus can easily be produced and can much better be handled than suspension cultures, it has been used in most experiments.
To simulate the variations of the ascorbic acid content which occur under physiological condi tions in needles, the cells were cultured with differ ent sugars. As can be seen from Fig. 2 , the level of ascorbic acid in secondary calli grown in the pres Table I . C 0 2-fixation of spruce cells (secondary callus) and of spruce cotyledons. Cells and cotyledons were incubated with 14C 0 2 as described in Materials and Methods. Co tyledons were 14 days old. Data of C 0 2-fixation are means of four determinations ± SEM, data of chlorophyll are means of two samples. ence of sucrose is higher than in those grown with galactose, fructose or glucose. Without sugar the content of ascorbic acid declined to low values. The decrease from a maximum of the ascorbic acid content (Fig. 1) , however, is not the consequence of sugar depletion in the medium (3% sucrose), since cell growth still continues (lower pannel in Fig. 1) . In trees also a close correlation exists between the content of carbohydrates and the ascorbic acid content, because both, sugar and ascorbic acid content, show the same annual rhythm: during winter the content of sugar and ascorbic acid is higher than in summer [20] . Fig. 3 shows the effect of 20 ppm S 0 2 on the chlorophyll and ascorbic acid content. A decrease of ascorbic acid content occurred, but not earlier than at prolonged treatment of four days, while chlorophyll was less affected. Ozone also has an ef fect after prolonged treatment and here also ascor bic acid was more sensitive than chlorophyll (Fig. 4) . In the control cells the chlorophyll con tent slightly increased during cell growth in two weeks, while in ozone treated cells the chlorophyll content remained almost unchanged. Ozone thus probably affects rather the synthesis of chloro phyll but does not destroy chlorophyll itself.
CCK-fixation
Effect o f S O 2, ozone and vaporous H : 0 : on the chlorophyll and ascorbic acid content
Recently it was suggested [11, 12] that H 20 2 may be effective as an oxidative agent involved in the destruction of conifer needles. We therefore stud ied the effect of vaporous H 20 2 on the content of ascorbic acid and chlorophyll. In these experi ments the cells were exposed to increasing concen trations of vaporous H 20 2 for 70 h. As can be seen from pour, see lower pannel in Fig. 5 ) had no significant effect, while with higher concentrations the ascorbid acid content declined rapidly. As with S 0 2 and ozone, also with H 20 2 the ascorbic acid content is more sensitive than chlorophyll to this oxidant.
Discussion
The spruce cells from the newly established sus pension culture have an ascorbic acid content somewhat lower but comparable to that in green spruce needles. The amount of ascorbic acid can be influenced by the quality (Fig. 2) and the quan tity (not shown) of carbohydrates; this indicates their involvement in the regulation of the ascorbic acid level. Additionally, phenylalanine ammonia lyase, a readily inducible enzyme in several plant cells for the synthesis of phenylpropanoids, can also be induced in the spruce cells by a fraction of the fungus Rhizosphära kalkhoffii, showing the ca pacity of the cells to induce a defense mechanism against biotic attack (not shown). With respect to these properties the cells resemble spruce needles. Since the growth of the cells depends on the pres ence of carbohydrates (sucrose) in the medium, the cells have to be classified as photoheterotrophic and in this respect they are different from green needles.
An increased ascorbic acid level as it is found in needles of damaged trees suggests an induction of a defense mechanism against oxidative stress. We have chosen S 0 2, ozone and vaporous H 20 2 as representatives of air pollutants to study whether they are able to induce in cells such a defense mechanism. In no case an elevation of ascorbic acid content with a concomitant fall in the chloro phyll content could be obtained. By contrast, the ascorbic acid declined drastically while the chloro phyll content was changed only slightly. A simple explanation for this discrepancy would be the fact that the needles are photoautotrophic while the cells are photoheterotrophic. This includes of course differences in their metabolism.
The ascorbic acid level, however, in needles as well as in cultured cells, depends on the presence of sufficient carbohydrates. In the photoautotrophic needle this is achieved by photosynthesis, while in cultured cells sucrose added to the medium serves as source for the synthesis of a substantial amount of ascorbic acid in the cells (Fig. 2) . This occurs in spite of a rather low chlorophyll content and a low photosynthetic capacity of the cells. To study the inducibility of a defense mechanism against oxi dants, as tried here, the ability of the cells to syn thesize ascorbic acid appears to be more important than their photosynthetic capacity. We conclude that, if there occurs an induction of such a defense mechanism, this should occur in photohetero trophic cells as well as in photoautotrophic needles.
Since this does not occur, in cells presumably as corbic acid and, to a lesser extent, chlorophyll are destroyed directly by the air pollutants used. It is rather improbable that the increased ascorbic acid content found in needles of damaged conifers is a protection mechanism against external oxidants. Photooxidants probably do not play such a domi nant role in the bleaching and destruction process es of needles as it is assumed. Changes in transport processes (for instance carbohydrates) or altera tions in the activity of metabolically regulatory en zymes may rather be responsible for the bleaching of needles than a direct action of photooxidants. Otherwise the same symptoms should be found in treated cells and in damaged needles.
